Introduction
As color constancy is standardly conceived, perfect color constancy would involve the apparent colors of objects being completely invariant with respect to changes in illumination (and scene composition). The illuminant would not figure in the way objects look (in respect of color) and an apple or a rose would look the same color under the fluorescent lights of my office or the direct sunlight of the plaza outside. Although we might see lights, the way in which an object is illuminated would play no role in its appearance. Yet it is quite common, particularly in travel writing and writing about art to find statements like the following explanation of why there is so much brightly colored stuff in southern California: "Failing to understand that the beautiful coloring of the land is not a reflection of things, but consists in the peculiar quality of the light itself, newcomers have indulged in riotously incongruous color schemes." (McWilliams 1973) Or to take an even more extreme claim, "The choice and composition of landscape could narrate a feeling of the locale; for the painter George Harvey all of America was definable by the peculiar quality of the light." (Reese and Miles 1996) Now it could be that the authors are thinking of the peculiar appearance of the principle sources of light, i.e. the sun and sky, but I doubt it. They could also be noticing failures of color constancy, consistent shifts in the apparent colors of objects when viewed in the special circumstances of Los Angeles and the like. This is more plausible, but the idea that I would like to explore is the possibility that these writers are responding to the way the things they see are illuminated but not by way of a failure of color constancy. Discussion of this possibility will then lead to a consideration of different ways of understanding some of the processes that give rise to the imperfect degree of color constancy actually possessed by human color vision.
The phenomenology of color constancy

Color, surfaces, and illumination
Imagine transporting a mixed bowl of fruit from farmer's market in Chicago to a farmer's market in Los Angeles. If you were travel with the fruit you would find that in both northern Illinois and southern California the oranges will appear orange, the bananas yellow, the strawberries red and so on. This will be true even if measurements reveal that the spectral characteristics and intensity of the illumination is significantly different between the two locations. There may be some shift in the apparent colors of the fruits between the two locations but for most the part the changes will be minor shifts within the rather broad categories that we use for characterizing the colors of things. As described so far, this is paradigm case of approximate color constancy as standardly conceived. If rather than transporting objects between two locations we were to reproduce the scenes and illuminants in a laboratory (most commonly by simulating them on two-dimensional display) we would have the basic setup for an asymmetric matching task. One way this could be implemented would be to allow the subject to adjust an element of the Los Angeles scene until it appears identical to a chosen element, say the orange, of the Chicago scene. Under many conditions, we would find that the subject's adjustment results in a closer match to the (simulated) reflectance of the Chicago orange than it does to the light reaching the eye from that orange. In other words, under the right conditions subjects do a poor job of matching the proximal stimulus but do a better job of matching one aspect of the distal stimulus, the reflectance of the target object. This is approximate color constancy under one laboratory paradigm.
We are now in a position to get clearer about the alternative interpretations of exactly what it is that leads McWilliams to make claims about the peculiar quality of the light that characterizes southern California. 1 First, she may be referring to a systematic shift in the apparent surface colors of objects that are viewed first in Chicago and then in Los Angeles. If the shift is sufficiently systematic it may be possible for a Chicagoan to recognize that familiar things all look a little different in Los Angeles and that the way they look different is the 1 It is the nature of the effect itself and the evidence for it that is topic here. The cause of the effect is yet another topic that would be interesting to look into but won't be my focus here. McWilliams almost certainly has in mind some cause related to factors like the latitude and dryness of the climate which affect the interaction between light from the sun and the atmosphere. More cynical observers may wonder about smog as a possible cause.
same from case to case. The newcomers that she complains about fail to recognize that this difference is due to a failure of color constancy and suspect instead that growing conditions in southern California alter the pigments of fruits and vegetables and that paint manufacturers sell specially formulated paints in Los Angeles and Orange counties. On this interpretation all that needs to be done to produce the characteristic colors things seem to have in southern California is to transport them there. If, contrary to her preferences, inhabitants preferred the look of Chicago this could be produced with specially formulated paints and the like. In the laboratory, if this interpretation were correct, we would expect subjects to be able to find an exact match although the matches they choose would be shifted in a systematic way from those corresponding to a perfect reflectance match.
On the second interpretation, much of the description remains unchanged. The evidence for the effect remains a change in the appearance of things viewed under the two illuminants and the mistake made by the newcomers is exactly the same. The second interpretation denies, however, the possibility of an exact appearance match between an object viewed under the Chicago illuminant and one viewed under the Los Angeles illuminant. No amount of hard work by paint and dye manufacturers and agricultural breeders can make Los Angeles appear the same as Chicago. In the laboratory, no amount of fiddling with the adjustments would make the test surface appear the same as the target. On this interpretation, we have a failure of the standard conception of color constancy and not necessarily a failure of constancy itself. The failure to find an exact match would be a symptom that something has gone wrong with the standard conception but not yet itself an alternative interpretation of the situation. The obvious interpretation of this failure is to distinguish two elements in the perception of color: the perception of surface color and the perception of illumination. 2 Although oranges may look to have the same surface color in both cities, their overall appearance differs because they are perceived to be differently illuminated. On this interpretation McWilliams' description is to be understood literally. The peculiarities of color appearance in southern California 2 This is not a new idea of course. One early source is Katz (1935, § 7) for whom it was one of the central themes of his discussion of color. For Katz the claim was motivated not by theory but by his investigation of the phenomenology of color. The impossibility of asymmetric matches and its interpretation in terms of a distinction between perception of surface color and perception of the illuminant was also recognized by Koffka but does not figure significantly in more recent work on color constancy (Gilchrist 2006, 55-56). are to be understood not in terms of the appearance of the surface color of objects but rather in terms of the appearance of the illumination under which they are viewed. This interpretation requires a complication of the common description of perceived color as completely captured using only three dimensions of variation. Although this may be true of some situations, for those scenes that support the claimed distinction between perception of illumination and perception of surface color more than three dimensions will be necessary.
Is there any reason beyond the reflections of travel writers and methodologically suspect early 20 th century psychology to take the second interpretation seriously, let alone prefer it the more standard first interpretation?
Setting aside legitimate complaints about the quick dismissal of travel writers and perceptual psychologists of the sophistication of Katz and Koffka, there is some more recent evidence. I will here focus on failures of asymmetric matching. In an interesting discussion of the experience of subjects in an asymmetric matching paradigm Brainard et al describe the impossibility of finding a complete match in the context of their experiment:
It is somewhat difficult to express in words what is deficient about the matches set in Experiment 2. One might, however, say something like the following. At the best match, the test surface (seen under a bluish illuminant) has something of a cool cast about it, whereas the match surface (seen under a yellowish illuminant) has a warm cast. To the observer it seems therefore as if the match surface should be adjusted to be more bluish. But this adjustment does not change the warmth of the match surface. Rather, it has the effect of changing (say) a warm gray to a warm blue, which then still fails to match the cool gray test surface. (Brainard et al. 1997 (Brainard et al. , 2098 Just as in the case of McWilliams' immigrants to Southern California, an appearance difference is noticed which cannot be corrected by adjustments to the surface color of the viewed objects. In addition to the anecdotal evidence discussed so far, a systematic investigation of failure of asymmetric matching for lightness provides additional support for this interpretation. Logvinenko and Maloney (2006) collected data on dissimilarity and similarity in an asymmetric lightness matching paradigm. Their subjects viewed grey scale stimuli presented in two different illuminants. As with the subjects of Brainard et al their subjects were unable to find an exact match. Analysis of the similarity data revealed that two dimensions were required: one associated with surface albedo and the other associated with illuminant intensity. This analysis supports a conclusion very similar to the one suggested above. A change in the lighting makes objects look different and no manipulation of the surface properties of those objects can undo this change. In spite of the failure to find an exact match across the illuminant change, the surfaces chosen as least dissimilar had nearly identical albedos so it is still appropriate to describe this as a case of (approximate) color constancy.
Change and similarity
All that has been argued for so far is that asymmetric matches are impossible in some circumstances and this is because overall similarity in apparent color makes use of independent dimensions for both surface reflectance and illuminant spectrum and intensity. I would like to go beyond this claim, which as we have seen, has some support in the published literature, to a particular interpretation of it. It will be convenient for the moment to focus on illuminant intensity alone and to focus on a special case of simultaneous color constancy, visible shading. For concreteness consider the scene depicted in Figure 1 . The pillow is illuminated from one side which leads both to variation in the intensity of lighting on the pillow itself and to its casting a shadow on the sidewalk. 3 The claim I want to consider is that for both the pillow and the sidewalk both the constant surface reflectance and the variation in intensity of the illumination are visually represented. We see both the constant surface color and also the changes in illumination. In some color constancy cases we are aware not only that something (the surface) is unvarying but also that something else (the illuminant) is changing. The differently illuminated areas look both the same and also look different. Asymmetric matching fails because even if a reflectance match is made between differently illuminated areas they will still appear differently illuminated. I do want to emphasize that although I think this is a natural description of the scene it is not one that is necessitated by the failure of asymmetric matching. My description suggests that the distinction between the apparent surface color and apparent illuminant intensity is available to the perceiver and that does not have to be true in order to have a failure of asymmetric matching.
Two theories of change and constancy
There is another way of accounting for the complex phenomenology involved in constancy cases that does not involve complicating the content of color experience in the way just suggested. Instead, an illumination-dependent sensory state is postulated which then serves as the input to an inferential process that generates a conclusion regarding surface color. It is useful to characterize both alternatives in terms of the kinds of processes involved and the kinds of sensory contents generated by those processes.
The sensory core plus judgment One very common alternative is to identify the changing element with the sensory core (sensation, direct perception, …), what the senses, unaided by judgment tell us. The stable element results from the application of judgment (inference) to correct the sensory core in light of other knowledge past experience etc. There are many different ways to implement this basic approach. Theories of this form are almost certainly the oldest theories of color constancy with a relatively clear statement to be found in ibn al-Haytham's 11 th century optics text (Ibn al-Haytham 2001, Vol. II, 440-41) who attributes the separation of the illuminant properties from the surface properties to the faculty of discrimination rather than the sensitive faculty. Helmholtz famously held a view of this sort in which color sensations that vary with the illuminant serve as the (partial) basis for judging the reflectance of the seen object (Helmholtz 1873, 262ff) . 4 More recently views of this kind have been endorsed by both philosophers (Noë 2004, ch. 4; Cohen 2008 ) and color scientists (Reeves et al. 2008) . The crucial features that all views of this kind have in common is the illumination dependent sensory item and then a process of judging or inferring from that basis the illumination-independent surface color. 5 Two features The other alternative, introduced above, is to identify both the stable and the changing elements as sensory. There would then be two (sets of) color features associated with each region of a scene, one that changes with illumination and one that doesn't. On this approach judgment (or inference) need not be involved at all and both sets of features are the outcome of whatever processes generate basic sensory items. The difference between the changing and unchanging elements is like the difference between two independent perceived features, e.g texture and lightness, rather than the difference between sensing and judging. This approach has been less well-represented in the more recent literature although there are exceptions in both color science (Mausfeld 2003) and philosophy (Hilbert 2005; Jagnow 2009 ). The crucial feature that all views of this kind have in common is that the illumination-dependent and illuminationindependent elements are of the same type and the process that generates them 4 The sensory core plus judgment structure is far from specific to color. For a historical look at the approach generally see (Hatfield and Epstein 1979) . 5 Nothing in the characterization of this option is intended to imply that the illuminationdependent aspect varies just with the chromaticity of the color signal or with the cone outputs. Adaptation, simultaneous contrast, etc. can all have the effect of lessening the perceptual variation from what would be predicted on the basis of the change in the proximal stimulus. What is essential to this view is that these processes result in something much less than full constancy in "ordinary" cases and that a process of judgment or inference bridges the gap. is taken to be the same (and is whatever process is taken to generate primitive sensory elements). 6
Some issues
In addition to the very substantial obscurity of what exactly we mean when we talk about "phenomenology" each of the two descriptions of the phenomenology of shading faces it's own sets of issues.
Problems for sensory core plus judgment
The sensory core plus judgment faces an apparent dilemma in accounting for the phenomenology of color constancy depending on what the two elements are taken to be. If the sensory element is taken to be a non-representational subjective reaction (a sensation) and the judgment to represent the color of the external thing then the varying element and the stable element qualify different objects. The illumination-dependent aspect of our experience is a feature of something in us, our sensations of color, while the illumination independent aspect is a feature of the external object, the thing that is reflecting light in a certain way. This duality is not, at the least, an obviously correct description of the phenomenology of constancy cases. It's also slightly mysterious on this view how a judgment can have a phenomenology that is so easily confused with that associated with a sensation. Sometimes the language of projection is used here as part of a strategy to resolve these difficulties. For example, Reeves et al claim of judgments of illumination-independent surface color that: "… judgment may depend on a mechanism by which we unconsciously "project" a subjective experience, such as color, back onto the physical world as an object property." (Reeves, Amano et al. 2008, 226) By making the content of the judgment derive from the sensation (via projection) it may seem as if both difficulties have been avoided. What is not clear, particularly since the sensation needs to be "corrected" before projection in order to generate constancy, is whether there is any more to the talk of projection than an acknowledgement that the phenomenological difficulty requires a solution.
6 It's unclear how to categorize the view put forward in (Logvinenko and Maloney 2006) . On the one hand they appear skeptical of the possibility of their observers making reflectance matches across illuminant changes but on the other hand they include both reflectance and illuminant dimensions in their similarity space. It may be that there is a third possibility which is to have additional dimensions of similarity but deny that it is appropriate to characterize these as independent representations of surface and illuminant and features. I won't explore this possibility here.
Alternatively, the sensory element could be taken to be a representation of color that is then corrected by inference or judgment. According to this proposal, we are aware of two color representations, the uncorrected and corrected one in cases of color constancy that exhibit the phenomenology of change and stability. Because they are representations that attribute the different instances of the same type of feature to the same things, color constancy would seem to involve an awareness of conflicting properties. It's certainly possible that our senses could tell us one thing and we could judge differently. The dirty and heavily tinted windows in my office make the light from a bright day quite dim and a cloudy day indistinguishable from nightfall. When I look out my window at noon on an overcast day and it looks like the sun has already set I do not thereby conclude that it really is that dark. Rather I take the appearance to be misleading and judge that it is dim but still brighter than the interior of my office. This does not seem like the phenomenology of shading. I see that the shaded area looks different from the more brightly lit area but the two appearances are not conflicting. One way to put this point is that it is not clear how this theory accounts for the failure of asymmetric matching in some circumstances.
Problems for two features
On the two features approach we have two distinct color-related aspects of visual experience of an object. As described above, the most obvious approach is to take one to be related to the reflectance of the surface of the object and the other to be related to how the object is illuminated. The most obvious difficulty for the two features approach is that it requires that there be more than the traditional three dimensions of color appearance (or more than a single dimension of lightness). The facts described above about the failures of asymmetric matching go some way towards making this problem seem less serious. The two features approach also shares a difficulty with any theory that takes color constancy to be primarily a sensory phenomenon. It is widely believed that cognitive influences intrude on subject performance in asymmetric matching experiments. Here the main source of evidence is the existence of instruction effects in some circumstances. The modern source of this idea is (Arend and Reeves 1986 ) but later researchers have confirmed the existence of such effects (although not necessarily for all stimuli, Brainard, Brunt et al. 1997; Delahunt and Brainard 2000) . The source of the problem is that observers make very different matches depending on the instructions they are given with some instructions leading to matches that display very good constancy and other instructions leading to matches that display relatively poor constancy. These effects are often taken to show that some element of judgment must be involved, particularly in the matches that show good constancy. Interpreted in this way, these experimental results appear to offer direct support for the sensory core plus judgment theory over the two features theory.
The two features theory has resources here that allow it to accommodate these results that a sensory theory of constancy that restricts itself to only surface color lacks. Asked to make a match in circumstance under which both illuminant and surface features are available subjects are faced with a problem. There is not, according to the two features approach, any exact match available (since usually only surface reflectance is manipulated to generate the match). Subjects can pick the most similar but similarity requires some weighting of the dimensions that go into generating the similarity metric. It may be that the affect of instructions is to change the weights assigned to the surface as opposed to the illuminant features. I am not saying that subjects choose between making a surface and an illuminant match but rather that the relative weight given to surface features as opposed to illuminant features in judging overall similarity may be affected by the instructions. Since the surface and illuminant dimensions of the overall color experience are conceived as independent sensory dimensions there is no unique answer to the question of how similar two stimuli are in color. Given that there is no answer determined by the sensory representations alone the possibility for cognitive influence on the weightings cannot be ruled out. Cognition affects matching, but not because surface color involves an inference for an illumination dependent sensory representation.
It is interesting, and potentially problematic, that the surface and illuminant dimensions are not more obvious (or better, not more obvious to everybody, since they strike some, like Katz above, as completely obvious). The real problem here is not the influence of cognition but that the two features theory may be with the structure it postulates. It leaves obscure why the surface and illuminant aspects are so hard to separate and it postulates a specific interpretation of what changes and what stays the same as changes in illuminant alter overall color appearance. It has no explanation of what ties together all these features to make them aspects of color and its interpretation of the features as independent goes beyond the data.
Are the two options really different?
The two alternatives under consideration differ in two ways. They differ as to the characteristics of the sensory items thought to explain the phenomenology and behavior involved in cases of color constancy. They also differ as to the involvement of cognitive processes in producing these items. A more plausible version of the sensory core plus judgment theory could make it more similar to the two features approach. Take the version in which both the sensory item and the judgment involve representations of properties of external objects. Rather than taking both to be color representations the sensory representation could represent some aspect of the stimulus, e.g. it's colorimetric properties. This representation then serves as the input for the inferential process that terminates in a judgment of surface color. By having two sets of represented features many of the advantages of the two features account can be incorporated into an account with structure of the sensory core plus judgment account. Although the represented features are slightly different, light coming from the object vs. the illumination falling on the object, the main difference between the two accounts lies in the processes assumed to generate these representations. The two features account does not appeal to inference or any other cognitive process. But now difficulties arise on both sides. Some versions of the sensory core plus judgment have been developed in terms of a process of unconscious inference. 7 In addition some theories of perceptual processing in general are formulated in inferential terms (Rock 1982; Rock 1983) . Either way we have gone some distance towards erasing the distinction between the two theories. Sorting out this difficulty will take us to a brief discussion of the appeal to inference in theories of perceptual processing.
3 Computation, judgment and inference
Preliminary confusion
There are three concepts relevant here: computation, judgment and inference. Although these words are much used in descriptions of perceptual processing there is a great deal of obscurity in how they are to be applied and exactly what they mean in this application. There are frameworks that attempt to explain the application of computational ideas to the understanding of the visual system but they tend to take the idea of computation itself as primitive. As far as I know, there is no consensus on what judgment and inference are. There is a tendency in both philosophy and psychology to reserve the terms judgment and inference for processes that draw on clearly cognitive resources and that are at least potentially consciously accessible but there is also a tendency to want to extend these frameworks to unconscious processes (for useful discussion of the issues see, Hatfield 2002).
Inference vs. computation
In the general sense, inference is just the deriving of conclusions from premises. Computation is also the deriving of conclusions from premises although as it is usually conceived there are restrictions on the form of the premises and conclusions and some very powerful methods that apply to specific kinds of cases. In other words, computation is a form of inference. 8 One real issue might be the kinds of information (premises) that a process draws on. If the process makes use of information that is contained in explicit conscious beliefs then it may be different from a process that does not receive top down inputs in this sense. Once inference can be a wholly unconscious process this way of drawing the distinction would seem not to apply. More difficult to categorize would be the unconscious use of consciously accessible information. In any event, it seems that the distinction between inference and computation loses it's grip once unconscious inference is allowed for.
Judgment and metacognition
There is a genuine distinction between computation and inference, however, if inference is conceived of as a potentially conscious, accessible, explicit piece of reasoning. A reasonable name for an inferential process with these characteristics is judgment. In the case of perceptual inferences of the type that concern us these judgments involve explicit processes of reasoning from perceptual evidence to conclusions about the properties of distal objects. If the sensory core plus judgment theory is committed to judgment in this sense being involved in constancy then there is a definite disagreement with the two features theory. The disagreement concerns whether relatively illumination-independent estimates of surface color require such a process of judgment. One model for what such a process might look like is the metacognitive hypotheses regarding the development of size constancy in children (Granrud 2009 ). According to the metacognitive theory, distant objects always look smaller than their real size and the reasonably accurate size estimates made by older children and adults involve the application of an explicit and cognitively accessible correction procedure. Granrud's subjects show considerable understanding of the process by which such a correction could be made providing support for the metacognitive theory. Evidence for such a process of explicit reasoning is lacking in paradigm cases of color constancy but this absence of evidence is not easy to interpret. What little evidence there is points against the kind of explicit knowledge that Granrud finds in the size constancy cases, with explicit illumination estimates appearing not to play a role in color constancy (Rutherford and Brainard 2002) .
Conclusion
The phenomenology of color constancy, with both illumination-dependent and illumination-independent elements, presents a challenge to both philosophy and vision science. There is considerable evidence, both formal and informal, that there is a separate illumination-dependent aspect to color appearance in some sense of "appearance". How to conceive of this illumination-aspect of color constancy is less clear with at least two reasonable alternatives on the table. The empirical evidence required to discriminate between the two features and the sensory core plus judgment alternatives is mostly unavailable, although there is some suggestive evidence from lightness constancy. The usual language in which these hypotheses are formulated is ambiguous which confuses the issues even further.
